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Abstract 
Objectives: Chlamydiae are obligate intracellular pathogens that 
cause many diseases for which the pathogenic mechanisms are 
largely unknown. Because reactive oxygen species (ROS) have 
been implicated in pathogenesis of many viral and bacterial 
infections, the authors assessed the release of ROS in selected 
host cells (monocytes, Sup-T1 cells, and Hep-2 cells) infected 
with Chlamydia trachomatis. 
Methods: Infected cell cultures demonstrated a dramatic deple- 
tion of uric acid from culture media that was not seen in un- 
infected cultures. Reactive oxygen species generated in infected 
cultures were associated with the formation of lipid peroxides 
in host cell membrane. 
Results: There was a significant increase in lipid peroxide lev- 
els in infected cells compared to uninfected controls. Ascorbic 
acid treatment of infected cell cultures reduced the formation 
of membrane lipid peroxides. 
Conclusions: These results suggest that ROS produced dur- 
ing chlamydial replication cause membrane lipid peroxidation. 
The role of ROS-induced membrane damage in chlamydial 
pathogenesis is discussed. 
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Chlamydiae species have assumed significant importance 
over the past 20 years as a cause of human disease. Infec- 
tions with Chlamydia spp are associated with trachoma, 
infertility, salpingitis, ectopic pregnancy, arthritis, psitta- 
cosis, pneumonia, and artherosclerosisl-* 
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Chlamydiae are strict intracellular microorganisms 
that depend on host cells for high energy compounds 
that are essential for their replication. The extracellular 
infectious form of the organism is the elementary body 
(EB), which is metabolically inert and can withstand a 
hostile extracellular environment. On infecting suscepti- 
ble host cells, the EBs transform into reticulate bodies 
(RBs), which are the metabolically active form of the 
organism that is capable of intracellular replication. The 
replicative cycle includes endocytosis, transformation of 
EBs to RBs, mitotic division of RBs, reversion of RBs to 
EBs, and host cell lysis and release of EBs.~ 
The pathogenic mechanisms associated with chlamy- 
dial diseases are poorly understood. Pathophysiologic 
changes resulting from host tissue invasion by microbes 
have been well documented. In addition to immunolog- 
ically mediated manifestation of tissue damage, bacterial 
and viral infection recently have been shown to be asso- 
ciated with changes in the redox state of infected host 
cells as a result of the generation of reactive oxygen inter- 
mediates (ROIs), including superoxides (0,‘~), hydroxyl 
radical (‘OH), peroxyl radical (O,‘-). It has been shown 
that reactive oxygen species (ROS) induce damage to 
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), 
proteins, and lipids; however, the precise role of ROS in 
pathogenesis is not known.6-s It is well recognized that 
the defense mechanisms of a host against bacteria is 
favored by the release of these biotoxic agents.9 How- 
ever, there are unfavorable injurious effects on the host 
tissues, such as damages to DNA, RNA, proteins, and lipids, 
which often are ignored, and these have become a sub- 
ject of interest to researchers.‘OJ1 In the case of chlamy- 
dial infections, these aspects have not been addressed. 
Since chlamydiae have been incriminated in disease con- 
ditions such as arthritis, artherosclerosis, and ectopic preg- 
nancy, the authors studied the release of ROS in Hep-2 
cells (epidermoid carcinoma tissue from the human lar- 
ynx), human monocytes, and Sup-T1 cells (human lym- 
phoblastic leukemia cells with CD4+ receptor) infected 
with Chlamydia trachomatis, and assessed the impact of 
the released ROS on host cell membrane lipid and the 
effect of an antioxidant (ascorbic acid) on membrane 
lipid oxidation. 
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MATERIALS AND METHODS 
Cells 
Monocytes were obtained from titrated blood, using the 
method described by B~yurn.~~ Fifty milliliters of blood 
was centrifuged (Beckman GPR, Irvine, CA) at 300 X g 
for 20 minutes. The supernatant fluid was discarded, 7 mL 
of 6% dextran was added to the deposit, and the final 
volume was made up to 50 mL using sterile physiologic 
saline (0.9%). This was allowed to stand at room tem- 
perature for 40 to 50 minutes. The supernatant was col- 
lected and centrifuged at 275 X g for 10 minutes. The cell 
pellet was collected, resuspended in 3 mL of saline, lay- 
ered onto a Percol gradient 60% on 70%, and centrifuged 
for 10 minutes at 275 X g. Monocytes were harvested, 
and washed three times in phosphate buffered saline 
after cold water lysis of erythrocytes. Briefly, this involves 
the dispensing of 9 mL of water for 20 seconds from a 
10 ml-pipette, and as this flows into the harvested cells 
gradually, 1 mL of 10 X Hanks’s buffered saline solution 
is added. This eliminates erythrocyte contaminant. Cells 
were suspended in antibiotic-free transport media 
enriched with 20% fetal calf serum (FCS) and seeded into 
shell vials (2.6 X 105/1.5 mL). 
Sup-T1 cells, which are human lymphoblastic 
leukemic helper T cells with CD4+ receptor, were 
obtained as a continuous cell culture from Dr. Ken Rosen- 
thal’s laboratory at the Department of Immunology, 
McMaster University, Canada. Cells were grown in RPM1 
1640 medium containing 20% FCS and seeded into shell 
vials (2.6 X 105/1.5 mL). 
Hep-2 cells which are epidermoid carcinoma tissue 
from the human larynx were grown in RPM1 medium in 
a 25 cm3 flask and were seeded into shell vials (2.6 X lo5 
cells/l .5 mL). 
Infection of Cells 
Chlamydia trachomatis (strain L2 434) elementary bod- 
ies (EBs) were propagated in Hep-2 cells and harvested at 
48 hours post infection. Elementary bodies were counted 
and diluted to 1 X lo6 infection forming units (IFU)/mL, 
and 0.2 mL used for infecting shell vial cultures Shell vials 
were centrifuged at 1310 X g for 45 minutes at 35°C. 
Slides were prepared daily and stained for the demon- 
stration of inclusions in each cell type before further stud- 
ies were prepared.13 In brief, the contents of the shell vials 
for productive infection demonstration were scraped and 
aspirated into a 2mL eppendorf tube. This was centrifuged 
at 16,000 X g for 15 minutes. Slides were prepared from 
deposit by resuspension in residual supernatant by dis- 
pensing 35 mL into well slides and drying, f=ing with 
absolute alcohol and staining with micro-immunofluores- 
cent monoclonal chlamydial antibodies. By this method, 
inclusions were demonstrated, and through endpoint titra- 
tion, increase in EBs count was noted. 
Detection of Reactive Oxygen Species 
Reactive oxygen species production was measured indi- 
rectly by assessing the depletion of uric acid in cell cul- 
ture media. Since FCS contains uric acid, levels of uric 
acid were measured at zero time for all experiments, and 
levels were compared in infected and uninfected cul- 
tures. In some experiments, exogenous uric acid (pre- 
pared in RPMl) was added to the medium at various time 
points to culture that showed depletion of uric acid to 
about zero point. Uric acid was measured by the method 
of Rock et al,‘* which involved the reduction of the oxi- 
dized form of nictinomide adinine dinucleotide (NAD+) 
to NADH. Uric acid levels in culture media (urnol/L) were 
determined spectrophotometrically, using a standard 
curve. 
Measurement of Lipid Peroxides 
and Effect of Ascorbic Acid 
Cell membrane lipid peroxide was measured by ferrous 
ion oxidation in the presence of xylenol orange as 
described by Jiang et al. I5 This method is based on the 
peroxide-mediated ferrous ion oxidation in the presence 
of xylenol orange, with ferric ions forming a Fe3+-xylenol 
orange complex, which can be measured spectrophoto- 
metrically at 560 nm. Cells were harvested from shell vials 
and transferred to 5-mL tubes and cooled at -50°C for 
10 minute before sonication. Cells were sonicated for 
20 seconds and centrifuged at 3000 X g for 10 minutes 
at 4°C to eliminate nuclear and cellular debris. The super- 
natant was centrifuged at 16,000 X g for 15 minutes at 
4OC to collect cell membrane. Membranes were washed 
three times, and lipid was extracted with 200 FL of 
methanol by vortexing briefly and centrifuging at 
11,000 X g for 3 minute at 4°C. Extracted lipids (100 mL) 
were added to 900 pL of xylenol orange working reagent. 
A blank, consisting of 100 uL of methanol in 900 PL of 
xylenol orange without ferrous ion, was used to establish 
a zero baseline. Reactions were allowed to take place for 
1 hour at room temperature and absorbance was read at 
560 nm. The concentration of lipid peroxide (Fmol/L) 
were determined from a standard curve. 
Antioxidant 
Sup-T1 cells, monocytes, and Hep-2 cells were seeded 
into shell vials in the presence and absence of ascorbic 
acid. Cell membrane lipid peroxide was determined over 
a period of 7 days from infected and uninfected cell 
cultures. 
Ascorbic acid was prepared as 0.7% (w/v) in anti- 
biotic-free RPM1 1640, and 20% FCS was added to give a 
final volume of 1.5 mL, with 233 mg ascorbic acid. 
Statistical Analysis 
All data presented were expressed as standard error of 
mean (2 SEM) and uric acid depletion in infected and 
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uninfected cells was shown to be significantly different 
at P < 0.01, using Student’s t-test. The significant differ- 
ence in membrane lipid peroxide in infected cells with- 
out ascorbic acid, infected cells with ascorbic acid, and 
uninfected cells with ascorbic acid was demonstrated by 
use of analysis of variance (ANOVA). 
RESULTS 
Reactive Oxygen Species Production 
The production of ROS was assessed by measuring the 
depletion of uric acid in cell culture supernatant fluid 
from infected and uninfected cultures after ascertaining 
that there was productive infection (Figure 1). Control 
culture (uninfected cells) showed a relatively constant 
11 c 
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Figure 1. Cell culture of Hep-2 cells, monocytes, and Sup-T1 cells 
were infected with Chlamydia trachomatis, and levels of uric acid in the 
culture medium were measured. Exogenous uric acid was added to 
monocytes and Sup-T1 cultures at day 1 and day 3 post infection, and 
uric acid levels in the culture medium were measured again. Data points 
represent mean of three replicate determinations k 1 SEM. A, Hep-2 
cells showed an obvious but gradual drop in uric acid level. B, 24 
hours post infection uric acid levels in monocytes dropped from 106 
PM + 6.4 to zero. Following addition of exogenous uric acid at 24 
hours, levels dropped from 295 PM +- 5.0 to 12 FM i 1.2 at 48 hours 
and to zero at 72 hours. Addition of uric acid was again followed by 
depletion (448.1 PM k 2.8 to zero). C, Identical results were obtained 
for Sup-T1 cells. 
level of uric acid up to day 7. Hep-2 cells showed an obvi- 
ous drop in uric acid level, but in a more gradual pattern 
compared to other cell types, with a significant differ- 
ence at P < 0.01 using Student’s t-test (see Figure 1,A). 
For this reason, exogenous uric acid was not fed into 
Hep-2 culture. Twenty-four hours after infection, uric acid 
levels in infected monocytes had dropped from 106 pM 
+ 6.4 (?SEM) to zero (see Figure 1, B). Following the 
addition of exogenous uric acid at 24 hours, the levels 
again dropped from 295 FM t 5.0 to 12 FM i 1.2 at 
48 hours and to zero at 72 hours. The addition of higher 
amounts of uric acid (448.1 p,M L 2.8) was followed by 
a marked depletion over a 24 hour period. Identical 
results were obtained for Sup-T1 cells (see Figure 1,Q. 
Membrane Lipid Peroxide 
Three cell types, including Hep-2 cells, Sup-T1 cells, and 
monocytes, showed a continuous increase in membrane 
lipid peroxide levels following infection with C. &z&o- 
matis (Figure 2). All levels of lipid peroxides were higher 
than the levels seen in uninfected cultures. 
Effect of Ascorbic Acid on 
Membrane Lipid Peroxidation 
Cultures of Hep-2 cells Sup-T1 cells and monocytes accu- 
mulated membrane lipid peroxides when cultures were 
infected with C. truchomatis (see Figure 2). Addition of 
ascorbic acid to infected cell cultures reduced the levels 
of lipid peroxidation in infected cultures to levels seen 
in uninfected cultures. 
DISCUSSION 
Reactive oxygen metabolites are known to produce inju- 
rious effects in host tissues in a variety of inflammatory 
conditions. The release of free radicals in viral infections 
arising from responses from host immunocompetent cells 
has been shown to contribute to pathologic lesions, as 
demonstrated in influenza virus and cytomegalovirusl*JG 
In mice infected with Salmonella typhimurium, it has 
been shown that superoxide is generated at the third day 
post infection, and there is an accompanying develop- 
ment of granulomatous lesions in the liver.‘O 
The evaluation of the tissue injurious perspectives 
of ROIs in the case of chlamydiae was considered impor- 
tant, since intracellular multiplication is a feature common 
to all the organisms studied. In a preliminary study, the 
authors demonstrated a positive correlation between 
chlamydia antibody titer and superoxide dismutase activ- 
ity in serum of patients with chlamydia infecti0n.l’ In 
that study, increase in superoxide dismutase activity was 
used as an index of superoxide release. The findings were 
inconclusive; to clarify the possible release of free radi- 
cals in the chlamydia life-cycle, the authors have adopted 
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Figure 2. Measurement of membrane lipid peroxides in Hep-2 cells 
(A), Sup-T1 cells (B), and monocytes (C) infected with C. trachomatis 
(i) without ascorbic acid treatment, (ii) with ascorbic acid treatment, 
and (iii) uninfected cells with ascorbic acid treatment. In all instances 
where ascorbic acid was added, it was used at day 0. 
a simple cascade of experiments, starting with the detec- 
tion of released free radicals, by taking advantage of the 
fact that potent antioxidants, such as uric acid, can trap 
these highly reactive species. Once trapped, uric acid is 
consumed and remains undetectable. The consumption 
of uric acid in chlamydial infection was demonstrated 
using a variety of cells, to ascertain that such release of 
free radicals must have an important role wherever 
chlamydia infection is established. The selection of host 
cells for this study was based on previous proof of pro- 
ductive infections (as assessed by increased EB counts at 
endpoint titration) in each of the cells when exposed to 
C. trachomatis.13 
It is possible to argue that the release of oxygen radi- 
cals may have no impact as far as the host cell is con- 
cerned. To settle this, lipid peroxidation in host cell 
membrane was accessed; marked peroxidation of host 
membrane lipids was observed. 
This has possible implications: (1) The interference 
with membrane integrity by reactive oxygen intermedi- 
ates through such lipid peroxide formation would result 
in a chain reaction that would bring about membrane 
leaks and cell death. This occurs both at the site of infec- 
tion (through hydroxyl radical action) and at more distant 
sites (through superoxide action).1sJ9 This complication 
further orchestrates chlamydial pathogenic&y. (2) The 
fragments of membrane with elementary bodies attached 
could circulate to more distant sites or be moved by 
phagocytes, thus contributing to dissemination of infec- 
tion and enhancement of persistence of infection. (3) Per- 
haps the most significant implication of this finding is an 
observed build-up of lipid peroxidation at the periods 
between 48 hours and 96 hours. This coincides with the 
period of release of EBs (exocytosis). The fact that mem- 
brane integrity became most questionable at the period 
upward of 72 hours post infection, as expressed by 
enhanced peroxidation, may suggest that the mechanism 
of cell lysis in exocytosis of Chlamydia is related to free 
radical damage. The observed fall in membrane lipid per- 
oxide in all cells used in these studies, except for mono- 
cyte after day 4 and day 5 of infection has two possible 
explanations: (i) as cells die, there is decrease in peroxi- 
dation, or (ii) peroxide formation constitutes an early 
event in free radical assault, thus, when these early events 
are being replaced by late events, such as malondial- 
dehyde and thiobarbituric acid reacting substance for- 
mation, or by other fluorescent chrome lipids, there is a 
fall in detectable lipid peroxides. 
The data here presented show an obvious difference 
in the lipid peroxide formation kinetics when the accu- 
mulation of lipid peroxide in either monocyte membrane 
or Sup-T1 membrane is compared to Hep-2 cell mem- 
brane. This may have arisen from a difference in the dis- 
tribution of unsaturated lipids in the membranes of these 
cells. Hep-2, being cells of the epithelial lining of the 
larynx, may have evolved to the extent of being less vul- 
nerable to oxidative assaults when compared to mono- 
cytes and Sup-Tl-cells, which may be less exposed to 
oxidative stress. The pronounced effect of ROS on cells 
of the immune system, may explain to some extent how 
chlamydiae overcome the immune defence of the host, 
making the expression of those diseases associated with 
chlamydia possible. 
Having detected the release of ROS and demonstrated 
its impact on membrane lipid, the authors decided to 
examine the prospect of an antioxidant in the ameliora- 
tion of such impact and, thereby, by implication, provide 
further corroborative evidence for free radical reactions 
in the chlamydia life-cycle. The antioxidant (ascorbic acid) 
prevented lipid peroxidation in host cells infected with 
chlamydia compared with infected cells without anti- 
oxidant treatment. The pathologic processes of some 
infectious diseases may not be attributable to microor- 
ganism per se but may be due to some host factors 
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released during propagation of infectious agents. There- 
fore, the use of agents that can nullify the effects of such 
host factors may reduce the extent of pathologic mani- 
festations. Antioxidants have been used previously for their 
ability to scavenge free radicals in diseases, such as can- 
cer and coronary heart diseases, and in patients with car- 
diac risk factorszOJ1 The findings here reported may 
indicate a prospect for use of antioxidants along with suit- 
able antibiotics in the treatment of chlamydia infection. 
CONCLUSIONS 
Free radicals are released in the chlamydia life-cycle, and 
they are sufficient to result in lipid peroxidation of host 
cell membrane in infected cultures. This may suggest a 
role for free radicals in the pathophysiology of chlamy- 
dial diseases, such as cell membrane lysis, to release EB 
(exocytosis) in the chlamydia life-cycle. The details of the 
mechanism involved in the production of ROS in chlamy- 
dia replication, the effect of this on chlamydia replica- 
tion, and the possible role for biomolecular contents of 
the chlamydia membrane constitute on-going research. 
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